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Accretion onto young stars:
the key to disk evolution
Carlo F. Manara
1 Introduction
The early stages of the pre-Main-Sequence (PMS) evo-
lution of young stars are characterized by a substantial
interaction between the central star and the surrounding
disk. Among the processes that take place, the accretion
of material from the disk onto the star is a crucial one,
as it traces the disk evolution and, in turn, affects how
planets are formed and evolve in disks. Even if accretion
has been studied for many years, it is still the focus of a
large body of work, as we do not fully understand how it
happens (see e.g., Hartmann et al. 2016 for an extended
review).
The current paradigm describing how the material is ac-
creted from the disk onto the star is the magnetospheric
accretion scenario. In this scenario the material is ac-
creted onto the central star along the stellar magnetic field
lines, assumed to be mostly dipolar. This paradigm was
proposed almost 30 years ago to explain the ultraviolet
excess and strong emission lines observed in the spectra
of young stars (e.g., Camenzind 1990, Ko¨nigl 1991, Cal-
vet & Hartmann 1992). From then on, the comparison
of more advanced observations with modeling of the pro-
cess has confirmed magnetospheric accretion to be the way
material is accreted onto young stars (e.g., Calvet & Gull-
bring 1998, Muzerolle et al. 2003), at least in objects with
stellar mass (M⋆) smaller than ∼ 2M⊙, but also in some
Herbig Ae/Be stars (e.g., Calvet et al. 2004, Mendigutia
et al. 2011). Studies of the variability pattern of young
stars are also in line with this paradigm (e.g., Venuti et
al. 2015, Costigan et al. 2014). A significant effort is
going into measuring the strengths and large-scale topolo-
gies of magnetic fields at the surfaces of young stars (e.g.,
Donati et al. 2007, 2010a, 2013; Hussain et al. 2009, fu-
ture: CFHT/SPIRou). These studies report strong (kG)
multipolar components of the magnetic field but cannot
exclude even stronger fields, particularly on small scales
(e.g., Chen & Johns-Krull 2013, Hussain & Alecian 2014).
Overall, it is now considered fair to assume that, in young
stars, the excess continuum and line emission with respect
to the photospheric and chromospheric one is (mainly)
due to accretion. This excess emission can be converted
into accretion luminosity (Lacc), and then mass accretion
rates (M˙acc) by knowing M⋆ and the stellar radius (R⋆).
Blue spectra of young stars, ideally near-ultraviolet (NUV)
spectra taken with the Hubble Space Telescope (HST, e.g.,
Herczeg & Hillenbrand 2008, Ingleby et al. 2013) are ideal
to trace excess continuum emission. Optical and near-
infrared spectra are also used to measure the fluxes of
hydrogen, helium, and calcium emission lines produced
by accretion (e.g., Calvet & Hartmann 1992, Natta et al.
2004, 2006, Mohanty et al. 2005, Antoniucci et al. 2011,
Fang et al. 2013). Photometry in the U -band (e.g., Gull-
bring et al. 1998, Robberto et al. 2004, Sicilia-Aguilar et
al. 2010, Rigliaco et al. 2011, Manara et al. 2012, Venuti
et al. 2014) or in narrow band filters, such as filters cen-
tered on the Hα line (e.g., De Marchi et al. 2010, Kalari et
al. 2015), is also a powerful way to measure Lacc. While
photometry provides access to large samples with a lim-
ited telescope time effort, spectroscopy allows us to firmly
determine the accretion and stellar properties.
One big elephant in the room in this context is which pro-
cess allows the material to lose angular momentum and
therefore accrete through the disk. This issue is key to
determine how disks evolve and how planets form. In-
deed, the processes proposed to explain the evolution of
disks and the transport of material through the disk pre-
dict very different surface density distributions at a given
time. These differences strongly impact how and where
planets are formed in the disk, and how they migrate (e.g.,
Thommes et al. 2008, Mordasini et al. 2012, Bitsch et al.
2015, Morbidelli & Raymond 2016). The historically fa-
vored process to describe the redistribution of material
and angular momentum in disks is viscous accretion (e.g.,
Lynden-Bell & Pringle 1974, Hartmann et al. 1998), usu-
ally coupled to processes such as internal photoevapora-
tion driven by high-energy UV- and/or X-ray radiation,
crucial to explain disk dispersal (e.g., Alexander et al.
2014, Gorti et al. 2016, Ercolano & Pascucci 2017). Re-
cently, more interest is being devoted to study magnetic
disk winds (e.g., Armitage et al. 2013, Bai 2016, Ercolano
& Pascucci 2017) and low viscosity hydrodynamic turbu-
lence (e.g., Hartmann et al. 2017), which are other ways
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Figure 1: Fit of the target Ass Cha T 2-10 (adapted from Manara et al. 2017a). The target spectrum, corrected for
extinction (AV=1.1 mag), is shown in red. The best fit of the continuum emission is shown in blue, and it is the sum
of the photospheric template (green) and of the accretion shock model (slab model, cyan).
to explain the removal of angular momentum. These pro-
cesses predict how the mass accretion rate scales with age,
with stellar mass (see Sect. 3), and with the disk mass (see
Sect. 4). Therefore, determining stellar, accretion, and
disk properties in large samples of young stellar objects
(see Sect. 2) is key to determine which process regulates
disk evolution, hence constraining planet formation.
2 Accretion rate estimates in the
VLT/X-Shooter era
The spectral type of a star determines the overall shape
of its spectrum and the appearance and strength of ab-
sorption lines and molecular bands. However, the pres-
ence of usually non-negligible interstellar extinction, dif-
ferent from object to object, makes the overall shape of
the spectrum redder. In contrast, the emission due to ac-
cretion gives rise to a strong blue continuum excess. One
needs to take into account all these aspects simultaneously
to be able to overcome the degeneracies and derive the
stellar and accretion parameters of a young star. This is
possible only by combining good quality broad-band flux-
calibrated spectra (e.g., Manara et al. 2013b, Herczeg &
Hillenbrand 2014), with a modeling of the various com-
ponents. In Manara et al. (2013b) we showed how to
overcome degeneracies between the parameters with the
method I will describe in this section. We analyzed two
objects in the Orion Nebula Cluster, previously consid-
ered to be older than 30 Myr based on their location on
the HR Diagram. Our analysis method showed that they
have stellar parameters typical of ∼2-3 Myr old objects,
much more in line with the rest of the population of the
cluster. The previous estimates were affected by a degen-
eration between AV and Lacc.
A key ingredient in the development of our new analy-
sis method has been the advent of the spectrograph X-
Shooter (Vernet et al. 2011), a second generation instru-
ment on the ESO Very Large Telescope (VLT). This in-
strument allows one to obtain flux-calibrated spectra cov-
ering simultaneously the wavelength interval from ∼300
nm to ∼2.5 µm with a resolution R ∼ 5000-18000. This
implies covering simultaneously the spectral region of the
Balmer continuum, particularly sensitive to excesses due
to accretion, several emission lines tracing both accretion
and winds, and multiple absorption features needed to de-
termine the stellar properties of the target and the veiling
due to accretion. Given these great potentials, a signif-
icant fraction of the Italian X-Shooter guaranteed time
(GTO) was devoted to collect spectra for a large sample
of young stars both with and without disks to determine
their stellar and accretion properties (Alcala´ et al. 2011).
During my PhD I used these GTO spectra and I developed
with my colleagues a self-consistent method to obtain the
spectral type and stellar luminosity, reddening, and the ac-
cretion luminosity of young stars (Manara et al. 2013b).
The method is based on finding the best fit model in a
grid by minimizing a χ2
like
distribution computed in var-
ious continuum regions of the spectra from the Balmer
continuum (λ ∼ 330 nm) to the red part of the optical
spectrum (λ ∼ 720 nm). The grid of models spans a set of
photospheric templates of young stars observed by us with
X-Shooter, a number of extinction (AV ) values, and mod-
els of the continuum excess due to accretion (a hydrogen
slab model, as done by, e.g., Valenti et al. 1993 and Her-
czeg & Hillenbrand 2008). The photospheric templates we
use are observed X-Shooter spectra of non accreting young
stars with spectral types between G5 and M9.5 (Manara
et al. 2013a, 2017b), the best possible templates to repro-
duce the expected photospheric emission of young stars.
Our modeling allows us to reproduce the continuum emis-
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sion from the target spectra of young stars from λ ∼ 300
nm up to λ ∼ 900 nm (Fig. 1), and to derive stellar param-
eters and mass accretion rates with typical uncertainties
of <0.45 dex in M˙acc (e.g., Alcala´ et al. 2014).
More recently we have collected larger samples of VLT/X-
Shooter spectra of young stars in different star forming re-
gions in addition to the GTO data. We aimed at covering
objects with a large range of M⋆ and located in different
regions. By analyzing the spectra with the method de-
scribed above we have been able to study how the mass
accretion rates scale with the stellar mass, and, combining
these surveys with the results from ALMA surveys, how
M˙acc scales with the disk mass, as I describe in the follow-
ing sections. I only mention that these spectra are useful
for many other goals, including calibrating the relation be-
tween emission lines and accretion luminosity (Alcala´ et
al. 2014, 2017), studies of winds and jets in young stars
(Natta et al. 2014, Nisini et al. 2017), of photospheric
properties (Stelzer et al. 2013, Frasca et al. 2017) and
of metallicity of young stars (Biazzo et al. 2017). We
used our spectra of non-accreting young stars to deter-
mine how chromospheric emission makes the detection of
low M˙acc challenging (Manara et al. 2013a, 2017b), giv-
ing a quantitative value in line with previous studies (e.g.,
Sicilia-Aguilar et al. 2010, Ingleby et al. 2011). We have
studied individual objects, for example DR Tau, to deter-
mine the impact of accretion variability on the chemical
evolution of its disk (Banzatti et al. 2014). We have also
studied the accretion properties of transition disks, find-
ing that they have in many cases accretion rates as high
as those of full disks (e.g., Manara et al. 2014), in line
with e.g., Espaillat et al. (2014) or Najita et al. (2015).
Finally, I would like to stress that the method described
here is also applicable to other broad-band flux-calibrated
spectra, such as LBT/MODS spectra, as we showed in the
analysis of the EXor V1118 Ori (Giannini et al. 2017).
3 The relation between stellar and
accretion properties
Our first large sample of stars with disks in a single star
forming region, Lupus, was collected during the GTO ob-
servations. The analysis of this incomplete sample showed
a simple power-law relation between M˙acc and M⋆ with
a spread <1 dex, much narrower than in previous studies
(Alcala´ et al. 2014). The other initial and still incom-
plete samples of X-Shooter spectra of young stars with
disks in the σ-Orionis and ρ-Ophiuchus regions were ana-
lyzed by Rigliaco et al. (2012) and Manara et al. (2015),
respectively. These datasets supported the idea that the
power-law relation between M˙acc andM⋆ found in the first
sample of targets in the Lupus region is valid from brown
dwarfs up to ∼1 M⊙ with a scatter smaller than ∼1 dex.
However, when we recently collected and analyzed the al-
most complete samples of X-Shooter spectra of young stars
with disks in the Chamaeleon I and Lupus star forming
regions (Fig. 2, Manara et al. 2016a, 2017a; Alcala et al.
2017), a more elaborate picture emerged: the M˙acc-M⋆ re-
lation in each of the two regions is better represented with
a slightly higher statistical confidence by a double power-
law fit, with a steeper relation at lowM⋆, than by a simple
power-law. This double power-law behaviour, tentatively
already observed also by Fang et al. (2013) and Venuti
et al. (2014) in other complete samples in other regions,
is quantitatively similar to what Vorobyov & Basu (2009)
suggested as a result of two different accretion regimes at
different M⋆. However, it could also result from a faster
evolution of the accretion rates for lower mass stars, as
proposed by Rigliaco et al. (2011), Manara et al. (2012),
or Fang et al. (2013). On the other hand, the data can
also be fitted with a single power-law with exponent ∼2.
This single power-law is possibly explainable by different
theories, such as the result of particular initial conditions
(Alexander & Armitage 2006; Dullemond et al. 2006), of
Bondi-Hoyle driven accretion (Padoan et al. 2005), or, if
Figure 2: Mass accretion rates vs stellar mass for the sam-
ples of stars with disks in the Lupus and Chamaleon I
regions (Alcala´ et al. 2014, 2017; Manara et al. 2016a,
2017a). Transition disk objects are circled, downwards
triangles are targets with accretion rates compatible with
chromospheric emission, which is expected to be at about
the location of the dashed green line at this age (Manara
et al. 2013a, 2017b). The fits for the Chamaeleon I sample
are shown with a red dashed line (single power-law) and
a black solid line (double power-law).
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the slope is ∼1.7, of an evolution driven by X-ray photo-
evaporation (Ercolano et al. 2014). An intriguing feature
of these sets of data is the lack of low accretors atM⋆∼0.3
M⊙ (Manara et al. 2017a). This could be a consequence
of the fast dispersal of disks due to photoevaporation (see
also Sicilia-Aguilar et al. 2010). Finally, the objects with
a transition disk are well mixed in this plot with objects
hosting a full disk, although none of the strongly accreting
objects hosts a transition disk, and some transition disk
objects appear to be very low accretors, or non-accretors.
One still open question, from an observational point of
view, is how this picture evolves with time. The two re-
gions we have been studying with X-Shooter, Lupus and
Chamaeleon I, have similar ages, and the age differences
of targets within these regions are subject to large un-
certainties (e.g., Soderblom et al. 2014). It is therefore
mandatory to explore this relation in younger and older
regions to further constrain the theoretical scenarios.
4 Combining stellar, accretion, and
disk properties
The combination of precise values ofM⋆ and M˙acc with the
measurements of disk masses from ongoing ALMA surveys
in the Lupus (Ansdell et al. 2016) and Chamaeleon I (Pas-
cucci et al. 2016) star forming regions has allowed us for
the first time to properly assess how the stellar and accre-
tion properties of young stars scale with the disk masses.
The relation between disk dust masses and stellar masses
is found to be steeper than linear (Fig. 3), in line with the
higher number of massive planets found around more mas-
sive stars, and it becomes steeper with time (e.g., Ansdell
et al. 2016, 2017, Pascucci et al. 2016, Barenfeld et al.
2016). It is worth noting that the transition disks happen
to be among the most massive disks in the sample at all
stellar masses, as noted by several authors (e.g., Van der
Marel et al., subm.).
The other important relation, the one between M˙acc and
Mdisk, is observed to be slightly shallower than linear in
the Lupus and in the Chamaeleon I samples (Fig. 4, Ma-
nara et al. 2016b, Mulders et al. 2017). Furthermore, the
ratio Mdisk/M˙acc, expected for viscously evolving disks to
be approximately the age of the surrounding region (e.g.,
Jones et al. 2012, Rosotti et al. 2017), is found to be ∼1-3
Myr for several disks in Lupus, as expected, when assum-
ing a gas-to-dust ratio of 100. A very surprising finding is
the fact that the correlation is present when considering
disk masses obtained from (sub-)mm continuum measure-
ments, thus tracing the dust content in disks, and not
when using disk gas masses from CO isotopologues (from
Ansdell et al. 2016 and Miotello et al. 2017). The lack of a
correlation between M˙acc and the gas masses from CO ob-
Figure 3: Disk mass vs stellar mass for the samples in
the Lupus and Chamaeleon I regions (Ansdell et al. 2016,
Pascucci et al. 2016). Symbols as in Fig. 2. The stellar
masses are derived from the stellar parameters derived us-
ing the X-Shooter spectra by Manara et al. (2016a, 2017a)
and Alcala´ et al. (2014, 2017).
servations, as well as the short inferred ratios Mdisk/M˙acc
using CO gas masses, are further hints to the fact that CO
gas masses are underestimated due to carbon depletion, as
claimed by several independent studies (e.g., Bergin et al.
2014, Du et al. 2015, Kama et al. 2016, Miotello et al.
2017, Long et al. 2017).
Our finding of an almost linear correlation between M˙acc
and the disk (dust) mass is being used as a powerful test of
our current theories of disk evolution. Both Lodato et al.
(2017) and Mulders et al. (2017) have shown how the only
way to reconcile the observed slope and scatter around a
linear relation with the predictions of viscous evolution is
to assume that the viscous timescale is as long as ∼1 Myr,
thus of the order of the age of the surrounding region.
Mulders et al. (2017) have explored a simple toy model
of disks in which the mass accretion rate is independent
of the disk mass, as expected if magnetic disk winds drive
the evolution of disks. Such a model would lead to a dis-
tribution of M˙acc vs Mdisk very similar to the observed
one. This is a very interesting result, but more realistic
models of disk wind driven evolution are needed.
Rosotti et al. (2017) expanded the work of Jones et al.
(2012) to explore the effect of several disk evolution pro-
cesses on the M˙acc-Mdisk relation. This work shows that
external photoevaporation (Clarke et al. 2007, Ander-
son et al. 2013) affects the disk mass so that the ratio
Mdisk/M˙acc becomes much smaller than the age of the
4
Figure 4: Mass accretion rate vs disk mass for the sam-
ples in the Lupus and Chamaeleon I regions (Manara et
al. 2016b, Mulders et al. 2017). Symbols as in Fig. 2.
The disk dust masses (Ansdell et al. 2016, Pascucci et al.
2016), are converted to total disk masses with a gas-to-
dust-ratio of 100. Mass accretion rates are from Manara
et al. (2016a, 2017a) and Alcala´ et al. (2014, 2017). The
red solid line is the best fit by Mulders et al. (2017). The
black dot-dashed lines are values of Mdisk/M˙acc from 0.1
to 10 Myr. Colored regions are from Rosotti et al. (2017).
region. In contrast, internal processes, such as internal
photoevaporation, planet formation, or dead zones, tend
to produce ratiosMdisk/M˙acc larger than the age of the re-
gion. We combined ALMA measurements of disk masses
and photometric estimates of M˙acc in the Orion Nebula
Cluster (Mann et al. 2014, Eisner et al. 2016; Manara et
al. 2012) and in the σ-Orionis cluster (Ansdell et al. 2017;
Rigliaco et al. 2011), and we showed that the observed ra-
tios of Mdisk/M˙acc are very small, confirming that these
disks are experiencing external photoevaporation (Rosotti
et al. 2017, Ansdell et al. 2017). Interestingly, the tran-
sition disk objects appear to be in the lower part of the
distribution, meaning their ratios of Mdisk/M˙acc are in
general larger than the age of the region, in line with pre-
vious results (e.g., Najita et al. 2015). In the theoretical
framework discussed by Rosotti et al. (2017), this is in
line with the fact that transition disk objects are experi-
encing internal processes, either planet formation or inter-
nal photoevaporation (e.g., Espaillat et al. 2014, Ercolano
& Pascucci 2017).
Current observations thus imply that either disks evolve
viscously but on a very long timescale and are dispersed
by other mechanisms, or that several disks are already
experiencing other processes than viscous evolution that
are affecting their evolution.
5 What’s next
Our works based on VLT/X-Shooter spectra proved how
crucial the use of broad-band flux-calibrated spectra is
to overcome the degeneracies between stellar parameters,
extinction, and the effect of accretion (e.g., Manara et
al. 2013b), in particular when veiling due to accretion is
substantial. We have also shown how the use of multi-
ple emission line fluxes leads to estimates of the accretion
luminosity consistent with that from the UV-excess (e.g.,
Alcala´ et al. 2014). Again, this latter way to derive ac-
cretion rates relies on the availability of broad-band flux-
calibrated spectra. Thus, it is crucial to continue to have
access to instruments such as the VLT/X-Shooter, and in
particular to cover the NUV Balmer continuum region to
properly estimate the contribution of veiling in strongly
accreting objects. Also HST (or its successor) is a key
telescope, especially because it allows one to observe the
FUV molecular and atomic gas lines emitted in the accre-
tion shock and inner disk region (e.g., Ardila et al. 2013,
France et al. 2014, Booth & Clarke 2018).
Furthermore, we have shown how important it is to survey
complete samples of young stars in the targeted regions, as
incomplete samples can lead to erroneous or only partially
correct results in the same way as inappropriate analysis
methodologies. The combination of spectroscopic studies
with surveys of disks is key to test disk evolution mecha-
nisms. The relation between M˙acc and Mdisk, in particu-
lar, seems to be the most promising way to test models of
angular momentum dispersal in disks.
Finally, the big question to address is the evolution of
M˙acc with time. While Gaia will help us to lower our
uncertainties on the ages of the regions (and maybe of in-
dividual objects?) by providing more stringent constraints
on their distances and dynamical state (e.g., Voirin et al.
2017, Manara et al. 2017c), more effort should be put into
covering all the stages of evolution of young stars. Obvi-
ously, it would be crucial to study older regions, where the
disk evolution processes have shaped the disk properties.
Moreover, the advent of JWST will allow us to finally be
able to properly probe the earliest stages of disk evolution
by measuring M˙acc in embedded objects, using the promis-
ing proxies of the mid-infrared emission lines (Salyk et al.
2013, Rigliaco et al. 2015). On this point, the still open
question is how to determine the properties of the central
forming star. Once this is sorted out, we will be able to fi-
nally determine how M˙acc evolves with time and constrain
theories of disk evolution.
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